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COMPUTER SIMULATION INCORPORATING A HELICOPTER MODEL FOR
EVALUATION OF ATIRCRAFT AVIONICS SYSTEMS

Aaron J. Ostroff and R. Brian Wood*
Langley Research Center

SUMMARY

A computer program has been developed to integrate avionics research in nav-
igation, guidance, controls, and displays with a realistic aircraft model. A
user oriented program is described that allows a flexible combination of user
supplied models to perform research in any avionics area. A preprocessor tech-
nique for selecting various models without significantly changing the memory
storage is included. Also included are mathematical models for several avionics
error models and for the CH-UT helicopter used in this program.

INTRODUCTION

Avionics research is being conducted at the Langley Research Center in
areas related to navigation, guidance, control, and displays (ref. 1). An over-
all simulation is required to evaluate and integrate the various areas of this
research. The purpose of the present paper is to describe the simulation pro-
gram and its capabilities.

One requirement is to develop a computer program that gives each researcher
the capability of evaluating an avionics area independently from other research
areas without rigid time schedules. Further, algorithms that are developed
should be included into the simulation with minimal impact on the overall pro-
gram. The preceding requirement has been met by using a modular type design.

A set configuration representing all of the avionics systems envisioned has been
defined, with separate modules representing the various measurement sensors and
avionies functions. Potentially, 10 different user supplied models can be
selected for each of the modules in the simulation. The choice of models is
accomplished by a series of defaults; overriding can be accomplished with the
use of input data cards. A specially designed preprocessor combines the input
data and default data in order to assemble a complete program. This program
includes a six-degree-of-freedom CH-47B helicopter model (ref. 2). After a
model has been developed, it is added to the program subroutine library for use
by other researchers.

The computer program must be simple to use and easily understood since
users of various disciplines will be running the program. NAMELIST type data
are used for the input, and only the data associated with the particular simula-

*Jought Corporation, Hampton, Virginia.



tion being run are required. This feature is accomplished by the series of
defaults previously described.

Another requirement that the computer program should have is the capability
of replacing any computer software module by its equivalent hardware and of eval-
uating the hardware in the overall simulation system. In certain cases, pilot
capability is also required. These features dictate the need for a real-time
simulation. Two programs have been developed and are maintained, one for batch
type research and the other for real-time capability. These programs are main-
tained as nearly similar as possible within the limits of the Langley computer
complex. The real-time program can be combined with hardware to meet this
requirement. The computer software module can be deleted by a simple input data
card that selects a dummy model with zero iteration frequency. The equivalent
input communication is carried out through electrical input/output channels to
the actual hardware.

Elements of structured type programing have been used where applicable.
The mainline and much of the programing in the subroutines use top-down struc-
turing. With the Langley FORTRAN compilers, structured programing tends to be
inefficient with respect to time and, to some degree, memory storage. The effi-
ciency problem has been traded off to maintain single-input, single-output type
programing as much as possible.

An overlay program has been developed to minimize core storage. In gen-
eral, the program can be run with approximately 60 000 octal words. The itera-
tion frequency of every module is selectable by the user through a simple data
card. Print options are also selected by input data cards, with each module hav-~
ing at least one option.

SYMBOLS
Aq,Ap,A3,Ay matrix components representing stability derivatives (eq. (15))
B4,Bp,B3,By matrix components representing control derivatives (eq. (15))
Cg matrix transformation from body frame to geographic .frame
Cg matrix transformation from geographic frame to body frame
dy correlation distance, m (eq. (12))
E error term
F 9 x 9 system matrix (eq. (10))

Fy,Fy,Fz summation of all forces along longitudinal, lateral, and vertical body
axes, respectively

Fq,Fo general terms for longitudinal and lateral perturbation linear and
angular accelerations (eqs. (15), (16), and (17))
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vector for acceleration of body relative to inertial space, m/sec?
(eq. (19)) '

G 9 x 6 forcing matrix (eq. (10))

g scalar magnitude of gravity, m/sec?

gn gravity vector in geographic frame, m/sec?

Hg station altitude, m

Ixx, Ivy,Iz7 aircraft moments of inertia about longitudinal, lateral, and ver-

tical axes, respectively, kg—m2 '

Ixz aireraft product of inertia in longitudinal plane, kgimz'(JXZ for com-
puter example in appendix)

I4,I5,I3 inertia products (egs. (21))

Lyg,%y aircraft latitude and longitude, rad

ﬁH,iH derivatives of aircraft latitude and longitude, rad/sec (eq. (24))

Lgylg latitude and longitude of ground station, rad

Mx,My,Mz rolling, pitching, and yawing moments, respectively

m aircraft mass, kg

N random number

p,q,r aireraft roll rate, pitch rate, and yaw rate, respectively, rad/sec

P1,q1,r1 measured roll rate, pitch rate, and yaw rate, respectively, rad/sec

Q white-noise strength (eq. (9))

a 6 x 1 forcing function vector (eq. (10))

R range measurement, m {eq. (1))

Re radius of Earth, m

Ry aircraft altitude relative to mass center of Earth, m (eq. (25))

S scale factor

Ug,Vy,Wy measured airspeed components along longitudinal, lateral, and vertical
body axes, respectively, m/sec

Uy N>Va,NsWa,N nominal airspeed components along longitudinal, lateral, and

vertical body axes, respectively, m/sec
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uy,vy,Wy aircraft groundspeed components along longitudinal, lateral, and verti-

cal body axes, respectively, m/sec

Uy,Vy,Wy wind velocity components along longitudinal, lateral, and vertical

body axes, respectively, m/sec

ﬁI’6I’ﬁI measured accelerations alon% 1ongitudinal, latefal, and vertical body

axes, respectively, m/sec

yn aircraft velocity vector in geographic frame, m/sec

Vn aircraft acceleration vector in geographic frame, m/sec2 (eq. (18))
W wind magnitude, m/sec (eqs. (26) and (27))

ia,V,H aircraft airspeed magnitude, m/sec (eq. (26))

iH aircraft north groundspeed, m/sec

iV,H aircraft groundspeed, m/sec (eqs. (12) and (26))

Xq,%Xp state perturbations (eq. (15))

YH aircraft east groundspeed, m/sec

Zy aircraft altitude, m (eq. (25))

iH aircraft vertical velocity, m/sec (eq. (24))

AFX,AFy,AFZ longitudinal, lateral, and vertical perturbation forces, reépec—,

tively in body frame, m/sec? (eq. (14))

AMy , AMy , AMy rolling, pitching, and yawing perturbation moments, respectively,

in body frame, rad/sec? (eq. (14))

Ap,Aq,Ar perturbations in roll rate, pitch rate, and yaw rate, respectively, in

body frame, rad/sec (eq. (14))

ARy range-difference measurement, m (eq. (7))
Dug,Bvy, By longitudinal, lateral, and vertical airspeed perturbation compo-
nents, respectively, in body frame, m/sec (eq. (13))

oL, 6% navigator measured position errors in latitude and longitude, rad
(eq. (11))

GL,GQ derivatives of 8L and &2

_)

& perturbation state vector (eq. (11))

62 derivative of perturbation state vector (eq. (10))



82 navigator measured position error in altitude, m (eq. (11))
YA derivative of &8Z-
8p,8¢,85,0R 1ongitudinal, collective, lateral, and directional control stick
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positions, respectively, m (eq. (14))
perturbation control stick vector, m (see fig. 3)

north, east, and downward platform tilt efror$, respectively, rad
(eq. (11)) ' ' '

angle of wind vector measured clockwise from north to tail of vector,
rad (egqs. (26) and (27))

measured azimuth and elevation angles, rad (egs. (6) and (5))
aircraft pitch, roll, and yaw Euler angles, respectively, rad
derivatives of 0y, ¢y, and Yy, respectively, rad/sec (eq. (22))
measured pitch, roll, and yaw Euler angles, respectively, rad

nominal pitch and yaw Euler angles, rad (eq. (19))

control-stick per-tuf'bations, m (eq. (15))

measured distance between master station and aircraft, m (eq. (8))

measured distance between slave station and aircraft, m (eq. (8))

standard deviation |

time constant, sec

initial airecraft groundtrack angle, rad (eqs. (26) and (27))

skew symmetric matrix for angular velocity of geographic frame rela-

tive to an Earth fixed frame in geographic-frame coordinates, rad/sec

(eq. (18))

angular velocity vector whose elements comprise matrix an, rad/sec

angulaf ve;ociﬁj vector of bbdy frame relative to an inertial frame in
body-frame coordinates, rad/sec

angular velocity vector of body frame relative to a geographic frame in
body-frame coordinates, rad/sec (eq. (23))

angular'acbeleratibn vector of body frame relative to an inertial frame
in body-frame coordinates, rad/sec? (eq. (20))



-Stability derivative notation:

By = 3B where B can be Fy, Fy, Fz, My, My, or Mz and A
- 9Altrim can be u,, vy, Wy, P, q, r, &g, 8¢, 6g, or &g
Subscripts: ' ' ' | B

a airspeed

b,e,i,n body frame, Earth frame, inertial frame, and navigational geographic
frame, respectively

H aircraft (specifically helicopter)
I inertial

N nominal

s station

\'} vertical heading frame

W wind

AVIONICS SIMULATION
General Flow

The computer program is composed of many independent modules that represent
either specific hardware onboard an actual aircraft (such as rate gyros), exter-
nal navigation aids, or a physical function (such as winds). A simplified block
diagram of the simulation is shown in figure 1. 1In general, the helicopter model

|

sensors ~] computer

|
T
l
IMU Navigation I
I
I

| Winds I

Other _ |
->< onboard I
|

sensors J
Estimat Guidance Control Helicopter __J
stimator computer computer I model
External |
navaids
L Avionics |
section _l
External
guidance Pilot {foeu-—J
commands

Figure 1.- Simplified block diagram of simulation.
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calculates and feeds back perfect signals, such as linear and angular veloci-
ties, accelerations, positions, and angles. The sensor models use as inputs the
helicopter derived signals and generate appropriate output variables to repre-
sent the measurements. For perfect measurements, the output is. equivalent to

the input. For models with errors, the output is a corrupted version of the
input. Each of the three blocks for sensors actually represents several specific
sensor modules that are described subsequently.

The outputs from the inertial measuring unit (IMU) sensors feed a navigator
computer module. The presently available module represents an error model of

the navigation computer, but the module can easily accommodate actual navigation
computer equations.

All of the measurement data feed into an estimator module. A Kalman filter
is the most likely candidate for the module, although any type of estimator may

be included. Presently, a dummy model is installed with the output estimate
being an exact duplicate of the input.

The guidance computer and external guidance commands are composed of sev-
eral modules. Guidance commands can be generated internally by stored nominal
trajectory data and automatic guidance steering laws. External commands are gen-
erated by the pilot or by air traffic control (ATC). The guidance outputs gen-
erally represent some type of perturbation error commands and are fed into the
control computer. The control computer uses these commands to generate equiva-
lent control stick commands. For the CH-U47B helicopter, four control channels

are used. The model is also capable of accepting input stick commands from the
pilot.

The helicopter module consists of several submodules. The main sections
include actuator and rotor nonlinearities and dynamics, force and moment calcula-
tions, equations of motion, and an update section to calculate all of the vari-

“ables that are fed to the sensor modules.

Mainline

The mainline is essentially an executive that determines the time a module
is to be executed. Each module is tested to determine the time to update the
equations, whether it contains differential equations, and if the print option
has been selected. The iteration frequency for each module is selected by
either inputting the data or allowing the default value to be chosen. An initial-
ization subroutine (TIMVARS) uses this frequency data to determine the update
time increments and the initial starting times. For input frequencies of zero,
the initial starting times are made very large such that the module is never
called. The initial starting times for all other modules are set to zero,

except for the external navigation aids which have selectable start and end
times.

In the real-time version, if a module has differential equations, the mod-
ule is entered and the differential equations are integrated independently of
the update time. The entire module, including differential equations, is exe-



cuted when the update time is reached. In the batch program, the dlfferentlal
“equatlons are integrated only during the module execution time.

Inertial Measuring Unit (IMU) Modules

The IMU modules consist of four major modules, each of which have three mea-
surements for attitudes, rates, linear accelerations, and angular accelerations.
The last item is a dummy module with an iteration frequency that presently
defaults to zero. This module is included to provide the capability of incorpo-
rating angular acceleration measurements if the need arises.

The three outputs from the attitude module are the body attitudes for pitch
01, roll 97, and heading V1, all relative to a local level geographic Earth
frame. The outputs from the rate gyro and linear accelerometer modules are body-
axis measurements relative to inertial space. The three rate gyro outputs are
the pitch rate qg, roll rate pjg, and yaw rate rt. The three accelerometer
outputs are the specific force measurements uI, vy, and WI in the longitudi-
nal, lateral, and downward directions, respectively.

Two types of models are presently offered: a perfect sensor model with the
output equal to the input and an error model with the output being a corrupted
version of the input. All three error models have the capability of including
both bias and random type errors. Both bias and random errors are calculated
for every sensor by multiplying the output of a white-noise random-number genera-
tor with Gaussian distribution N by the standard deviation o of the error;
that is,

E = No ' - (1

where E represents either type of error. The values of ¢ for both the bias
and the random errors are input by the user, the default case being zero. Bias
errors are initialized prior to the operate loop, whereas random errors are
updated each time the error model is called.

Scale factor errors are also included in both the attitude-gyro and rate-
gyro error models. The scale factor S for every gyro is initialized prior to
the operate loop as

S =0.01N0c + 1.0 (2)

Note that all error models simplify to the perfect case if the input ¢ for
each error is set equal to zero. The capability exists for incorporating sev-
eral other types of user supplied models. This capability is discussed in the
section entitled "Preprocessor."

Other Onboard Sensors
The four modules included in the other-onboard-sensors block of figure 1

are air data, groundspeed, heading reference, and absolute altitude. Only per-
fect sensor models are presently included. The main reason for incorporating

8



these modules is to have the capability of adding models which represent these
avionics systems with little impact on the overall computer program. The typi-
cal outputs from each module are defined and are in common storage, but the out-
puts and their definitions are subject to change, depending upon user prefer-
ence. The default frequency is zero for each of these modules.

The presently defined air data outputs are the three body-axis components
of true airspeed wupp, vpap, and WaDs barometric altitude ZBAD"and angles of
attack app and sideslip Bpp. Other typical air data outputs that might be
considered, but are not part of the present module, include indicated airspeed,
Mach number, and altitude rate.

The three outputs from the groundspeed module include the north, east, and
downward components of Earth velocity. A typical onboard sensor that would give
this type of measurement is Doppler radar.

The presently defined heédiﬁg reference output is the ground-track angle
relative to north; that is,

-1 fﬂ
Xy

VYheading reference = tan

(3)

where XH and iH represent the aircraft north and east groundspeeds, respec-
tively. Another possible heading model that a user might incorporate is for the
airspeed heading vector. Typical sensors for heading include a magnetic com-
pass, directional gyro, and gyrocompass.

The absolute altitude output Zpa" is the altitude relative to the ground.
A radar altimeter and an acoustic altimeter are typical types of sensors. This
module also has the capability of inputting the height of the terrain directly
below the aircraft. Presently, the terrain altitude is defaulted to zero, and
Zpp 1is the same as Zppp-

External Navaids

Radio communication between ground-based stations and the aircraft provides
external navigational data. The computer program has the capability of incorpo-
rating and using simultaneously up to nine different navaid modules in any com-
bination, plus an additional capability of choosing any one of a possible nine
models for each navaid. The three navigational measurements presently available
are for range (DME), elevation and azimuth angles (MLS), and range difference
(Loran, Omega). Each navigational type has two models from which to select. All
models have calculations of the actual measurement based upon actual station
coordinates (latitude, longitude, and altitude), actual helicopter coordinates,
and noise related errors if the errors are selected. The second model of each
navaid type also has a calculation of the nominal measurement based upon esti-
mated station coordinates and desired aircraft coordinates. The nominal measure-
ment would likely be used in a Kalman filter that is linearized about a nominal
path. The station coordinates are input data for each of these modules.



Distance-measuring equipment (DME) is. the range measuring external navaid
presently installed. A total of 10 stations can be included in any run, with
any 3 stations operating simultaneously. Call statements to the modules are .
functions of the iteration frequency and the start and stop time for any station
measurement. Bias and. random errors are included in the actual measurement. and
are calculated as described in equation (1) T

The standard deviations for these errors and the time data for each station
are inputs to the program. The actual calculation range measurement R is

(ref. 3)
1/2
R = {éeZ[BLH - Lg)2 + (cos?2 L)@y —.23)2] + (=Zy - Hs)é} + E (4)

where Ly, Ly, and Zy are the aircraft coordinates (with Zy positive down),
Lgs %5, and Hg are the station coordinates, Ry is the Earth radius, and E
is the noise error. If the aircraft is not within line of sight from the sta-
tion, a possibility with spherical Earth, or is farther than the maximum DME
range of 370 km (200 nautical miles), the measurement calculation will not be
made. The maximum range can be varied by changing a DATA statement. A flag out-
put is available whenever a valid measurement is made. If the print option for
this module is selected, the program will print any of up to three measurements
simultaneously, including the time of the last valid measurement for each sta-
tion. Equation (4#) is a good approximation within the DME measurement range.
For the maximum range of 370 km, the error is approximately 0.15 percent high as
compared to a more exact formulation that uses spherical trigonometry.

Microwave landing systems (MLS) are typiéai angle measuring external
navaids. The general equation for the actual elevation angle 0. is

1 -Zy - Hy - 0.5Re[(Ly - Lg)2 + (cos2 Lg) Wy - £5)2] | ¢

81 = tan (5)

Re[(LH - Lg)2 + (cos? Lg)(&y - 25)2]1/2

The last term in the numerator is a correction factor since MLS systems gener-
ally provide angles relative to a coordinate frame that has the origin at the
azimuth antenna. The equation for the actual azimuth angle 045  is

Ly - Ls

04z = tan (6)

The angles calculated in equations (5) and (6) are applicable to a conical mea-
suring type system.

The error E 1is different in each case. The inputs are similar to those
for the range measurement, with the addition of a center-line angle for the azi-
muth measurement. A measurement will not be made if the azimuth angle is out-
side a 60° boundary from the center line, the elevation angle is not within the
limits of 19 to 20°, or the maximum range of 55.6 km (30 nautical miles) is
exceeded. The limits can be changed by modifying a DATA statement.

10
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The range-difference models can be used for either Omega or Loran. Inputs
include position coordinates for both one master and two slave stations
(ref. 3), iteration frequency, start and end times for a complete measurement,
and time lags for each of the slave station measurements. The time lags are
appropriate for Omega where each station has an independent transmission time
with a constant iteration period of 10 sec. The measurement for each line of

position is a range difference ARy between the master and a slave as given by
(ref. 3): '

. ARd=pj-pk+E (7

where
;

Pi = Ry cos~1 [sin Ly sin Lg + cos Ly cos Ly cos (fy - Lg) (i = j,k) (8)
i e H s H s H s

and P4 is the distance between the master station and the aircraft and py is
‘the distance between a slave station and the aircraft. A total of two range dif-
ference measurements are made. Measurement errors include a random error and a
correlated error. The correlated error is appropriate for Omega and is modeled
as a first-order time lag to represent a slowly varying bias. Both the time con-
stant T for the correlated error and the standard deviation ¢ must be input
to override the default values of zero. The white-noise strength Q is

(ref. 3)

. 202 (9)
T

and is calculated in the range-difference initialization module.

Navigation Computer

The nine outputs from the navigation computer are the three position coordi-
nates, three velocity coordinates, and three planform tilt errors when error
models are included. Presently, three model choices are offered. The default
model is the perfect case with the output equivalent to the input. The other
two choices are error models. The second model (first error model choice) incor-
porates seven states and is representative of most present inertial navigation
systems. The vertical channel is not included since it is unstable without an
external reference. The last model includes all nine states and is included to
provide the capability of future evaluation. In this section, the error model

" description is the nine-state model, since it is the most general case.

The general error model takes the form of a first-order, nine-state, vector
" differential equation (ref. U4) as follows:

s% = F§X + 63 | (10)
where

83T - lens €es €ay 6L, 8L, oL, 6, 8%, 82]T (11)

11



and
€n,€e1€q north, east, and downward platform tilt errors
Gﬂ,Gi,Si latitude, longitude, and altitude rate errors

6L,82,82 1latitude, longitude, and altitude position errors

F 9 x 9 system matrix
G 9 x 6 forcing matrix
a 6 x 1 forcing function vector of inertial system errors

The six inertial system errors consist of the three rate gyro errors and three
accelerometer errors, all transformed from the body axis to a local level geo-
graphic frame. The-inputs to this module are the nine initial errors which are
defaulted to zero if the input data are not included.

Estimator

The estimator module (see fig. 1) is for a Kalman filter or any other type
of filter estimator to be installed. Inputs to the estimator are obtained from
various sensors, external navaids, and the navigation computer. Presently, two
dummy models are installed. The default model assumes perfect estimates of the
aircraft position and velocity and of the wind velocity and direction. This
allows perfect states to be used for guidance and control while nonnavigational
type errors are evaluated. The second dummy model assumes estimates that are
identical to the outputs of selected error models, allowing corrupted signals to
be fed back to the guidance and control system.

Guidance System

Guidance commands can be generated in any of four major modules. The first
module is for storing and calculating the nominal trajectory. This module con-
tains all of the preflight data and path generating algorithms such as leg
switching, velocity commands, altitude commands, turning commands, nominal posi-
tion commands, spiral descent guidance commands, and others. The second module
is for automatic guidance steering laws. This module contains correction com-
mands that modify the nominal trajectory as a function of aircraft deviation
from the commanded path. Typically, this includes modifying the nominal alti-
tude rate due to deviations in altitude, modifying the nominal bank angle due to
errors in heading and lateral position, and modifying the nominal acceleration
or velocity due to errors in velocity and time. The latter is typically a four-
dimensional time-constrained law.

The third and fourth sources of guidance commands are the air traffic con-
trol (ATC) and the pilot. Commands from either of these sources can override
the earlier guidance commands, the pilot having highest priority. Presently,
the content§ of both these modules are empty.

12



Another function of the guidance computer is to generate error perturbation
commands for the control system. Presently, only velocity perturbations, based
upon differences between command velocities and measured velocities, are gener-
ated. The velocity perturbations are first generated in a geographic coordinate
frame and then rotated to the body axis for use by the controller.

Generally, a guidance steering law model is related to a nominal trajectory
model; for the present discussion, a model pair refers to the combination.
There are two model pairs presently available. The first pair (default case) is
for enroute type guidance and can handle data for up to 10 waypoints. Typical
input data include waypoint position coordinates and desired aircraft velocity
and altitude. It is also possible to input desired aircraft rate of descent and
nominal time at each waypoint, although these data are not used in the present
guidance laws. Separate submodules are used to calculate velocity commands
(VELCOM), altitude rate commands (CLIMB), and turn commands (LATTURN). A submod-
ule for calculating the nominal position (PSITION) is also included. Algorithms
for calculating the correct leg of the trajectory and the times to change vari-
ous guidance commands are included in submodule LEGSWCH. The only guidance
steering law in the first model pair is an altitude hold submodule (ALTHOLD)
that modifies the altitude rate as a function of altitude error.

The second model pair is for both the enroute phase of flight and for spi-
ral descent guidance (ref. 5). The enroute guidance is identical to that in the
first model pair. When the last waypoint is reached, the spiral descent guid-
ance is automatically switched in. If only one enroute point is included in the
simulation run, the program will start with the spiral descent guidance laws.
The input data required are the coordinates of the landing pad and spiral cen-

ter, airspeed, spiral turning radius, and turn direction. The last three items
have default values.

Control Computer

The control-computer module is used for any of the research control laws to
be tested. Typical inputs include attitude and rate measurements, guidance com-
mands, and velocity error perturbations. The outputs are four stick commands

for the helicopter control inputs. The default model presently installed has a
velocity control law.

Winds

Three wind models are presently offered. The default model is the zero
wind case and sets all wind variables to zero. The second model is for either a
constant horizontal wind vector or a wind shear. The wind shear allows a varia-
tion of the horizontal wind vector with altitude. Up to four data points can be
included for both wind velocity and wind direction relative to north. Straight
line interpolation is used, with altitude the independent variable. If only one
data point is entered, a steady wind will be used, and if no data points are

entered, a zero wind will be calculated. The vertical wind is assumed zero in
this model.
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The third wind model contains the contents of the second model plus vari-
able winds in both horizontal and vertical channels. The variable winds are
modeled as exponentially correlated winds with specified correlation distances
dy and standard deviations o, plus random gusts (ref. 3). The white-noise
strength Q is calculated as shown in equation (9), where a separate g is
input for the horizontal velocity, horizontal direction, and vertical velocity.
The three correlation distances have defaulted values but can be overridden by
input data. The effective time constants 1 for the exponentially correlated
winds are a function of dy and the groundspeed Xy y; that is,

T =_% (12)
Xy, H
The random gusts for both horizontal velocity and vertical velocity are calcu-
lated as in equation (1). The third model reduces to the second model by set-
ting the input standard deviations to zero, and both models reduce to the
default model with all input data defaulted to zero. The iteration frequency of

the wind module is automatically set to the aircraft model iteration frequency
and cannot be adjusted.

ATRCRAFT SIMULATION MODEL

A Boeing Vertol CH-U47B helicopter is being used as a tool to evaluate
advanced avionics research concepts as part of the automatic avionics program
(ref. 1). A model of the CH-47B is included in this computer program to evalu-
ate the avionics concepts prior to flight. One model is presently offered,
although the preprocessor capability and modular concept allow other models to
be added in the future. A linear perturbation model, for computing aerodynamic
forces and moments, has been selected over a nonlinear model (ref. 6) to mini-
mize computation time. A unique technique for updating the trims and deriva-
tives, to maintain small perturbations over the complete flight regime, is
described in this section. The kinematic equations of motion are fully coupled
nonlinear equations.

The helicopter model consists of several submodules as shown in figure 2.
Typically, control inputs originate from the control computer, including a sta-
bility augmentation system, and from the pilot. These control forces are inputs
to the actuator and rotor section which includes nonlinearities and dynamics.
The control-stick trim nominals are combined with the equivalent total control-
stick inputs to generate perturbation stick commands. The airspeed submodule
combines airspeed trim nominals, winds, and actual helicopter velocities to cal-
culate perturbation airspeeds. Perturbation airspeeds, perturbation stick com-
mands, and perturbation angular velocities are combined with the stability and
.control derivatives to calculate the total perturbation forces and moments act-
ing on the helicopter. The total helicopter forces and moments are calculated
by adding nominals and perturbation forces and moments. The equations of motion
contain 12 differential equations for linear and angular accelerations and veloc-
ities, and take into account spherical Earth. 1In the update module, all of the
helicopter variables are updated for the next time period. Each of the helicop-
ter submodules is described in more detail in the following sections.
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Figure 2.- Block diagram of helicopter module.

Actuator and Rotor Section

An analysis has been made of the CH-ATB control linkage system, from stick
inputs to rotor motion, and the dominant system time constants and nonlineari-
ties are taken into account. (See fig. 3.) One change in the research CH-U47B
model from a standard model is the addition of electrohydraulic actuators
between the control sticks and the transfer bell cranks. The actuator position
limit (+5.08 cm from ref. 6) is the limiting mechanical displacement between the
actuator input and rotor blades. It is possible for the pilot's control stick
to be physically limited before the actuator limit occurs, but the stick limits
would be modeled in the pilot module rather than the helicopter module. The
dominant-system rate-limit constraint comes from the electrohydraulic actuator
(+7.62 cm/sec from ref. 6). Neither the upper boost nor the lower boost actua-
tors (ref. 7) will reach their respective rate limits if the electrohydraulic
actuator rate 1limit is not reached. The time constants of both the electro-
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Figure 3.- Block diagram of CH-L47B actuator and rotor section.

hydraulic actuators (0.0125 sec from unpublished data) and the lower boost actua-
tors (0.0024 sec from ref. 8) are extremely small and are ignored. The upper
boost actuators have an approximate second-order response with a damping ratio

of 0.55 and a natural frequency of 50 rad/sec. (See ref. 6.) Their effect on

the total system dynamics is minor when compared with the rotor flapping dynam-
iecs which has a damping ratio of approximately 0.6 and a natural frequency of

24 rad/sec (from unpublished data). The blocks in figure 3 labeled "Gain" and
"1/Gain" are included to represent actual physical quantities. The gains for all
four channels are selected such that a full electrohydraulic actuator motion
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corresponds to a full pilot control stick throw. The second gain block is
included to maintain the same total system steady-state gain used in calculating
the trims and derivatives (ref. 2). The output from the rotor dynamics repre-
sents an equivalent total stick position. This value is summed with the corre-
sponding nominal control stick position to get the perturbation stick command

T .
Airspeeds
4 . . .
The three body-axis airspeed perturbations Au,, Av,, and Aw, are calcu-
lated in the airspeeds submodule as
?
Au, ug uy Ua, N
Avg| = [va| - | VW] = |va,N (13)
Avy WH Wy Wa, N
where uy, vy, and wy are the actual aircraft body-axis velocity components,
uy, Vy, and wy are the three wind components in body axis, and Ua,Ns» Va,Ns
and Wa,N are the nominal airspeed trim components in body axis. The approach
for calculatlng the trims is described later in this section.
Forces and Moments
Perturbation linear accelerations AFy/m, AFy/m, and AFz/m and angular
accelerations AMy/Iyy, OMy/Iyy, and AMy/Iz7 are calculated in the forces and
moments submodule by linearly combining the aerodynamic and control force and
moment contributions as follows:
L - o e -
APy Fx,u Fx,w Fx,q ! Fx,v Fx,p Fxyr Py Fx,68  Fx,6c ! Fy'6s  Fx,8R
m m m m : m m m m m : m m
1 1
AFg Fzou Fz,w Fz,q v Fzv Fzp Four||pw, Fz,68  Fz,6c 1 Fz,65 F2,8R|[sp ]
m m m m : m m m m m : m m
! ]
Aty Mo Myw Mrq 0 Mr,y Mrp Mirag My s8 My sc i My,8s  My,em|ls,
Iyy Iyy Iyy Iyy b Iyy Iyy Iyy Iyy Iyy ! Iyy Iyy
1
Y I i . | i (1)
! 1
AFy Fy,u Fy,uw Fy PP,y Frp Furfiae, Fy,88 Fy,sc | Fy6s  Fy,8R||sg
¢ m m m m ! m m m m m ! m m
1 )
AMy Me,u Mtw Me,g 0 Mxv Mxop Mxorf|ap M6 Mx,8c 1 Mx,8s  Mx,8R||sy
. Ixx I Ix Ix v I Ix Ixx Ixx Ixx 1 Ixx Igx (B0 -
] ]
AMg Moo Mwo Mg Mz,v Mz,p Mz,rfla,. M2,68 Mz,6c | Mz,és  Mz,6R
(Tzz|  [Tzz Izz Izz ¢ Izz Izz Tzz {§ | | Tzz Iz7z d Iz7z Izz

The aerodynamic driving terms are perturbations in airspeeds Auy, Av,,
and Aw, and angular velocities Ap, Aq, and Ar, and the control force inputs
are perturbations in the four control stick inputs &g, &8¢, 6g, and Jg. Equa-
tion (14) is partitioned to separate the longitudinal and lateral equations
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----- S (15)

N

where the longitudinal outputs Fq are

T
Py = [ﬁ, &z, Q‘l} (16)
m m Lyy

and the lateral outputs Fp are

T
Fz = IZAF—Y; %1 %:I 17)
m Ixx Izz

The A matrix terms Aq, Ap, A3, and Ay represent the stability deriva-
tives, the B matrix terms By, By, B3, and By represent the control deriva-
tives, the state perturbations are represented by xq and xp, and the control
stick perturbations are represented by wu7 and w». Equation (15) is shown in
the most general form with coupled aerodynamics. Generally, the coupling deriva-
tives A, AX’ Bo, and B3 have negligible effect relative to the uncoupled
derivatives Ay, Ay, By, and By. Only the uncoupled derivatives are being
used in the present model to save storage and computing time. All of the deriva-
tives are available (ref. 2) and can be incorporated. Derivatives for the com-
plete flight regime are stored in a stability derivative module (STABDER), and
the technique for updating the derivatives shown in equation (14) will be
described. The derivatives are updated at regular intervals to maintain small
perturbations from nominal trim conditions. One second appears to give suffi-
ciently good results.

Kinematic Equations of Motion

This section describes the kinematic-equations-of-motion submodule; 12 dif-
ferential equations are included to describe the total forces and moments acting
on the vehicle, Euler rates, and Earth referenced velocities. The equations are
for a spherical, nonrotating Earth. The linear acceleration and velocity equa-
tions are referenced to a local level geographic coordinate frame whereas the
angular acceleration and rate equations are referenced to the body axis.

The vehicle acceleration vector n relative to the local level geographic
frame is :

Vn = Cg?b + gn - anvn (18)

where Cg is a matrix transformation from body-axis frame to geographic frame,
g0 is the gravity vector in the geographic frame, an is a skew symmetric

matrix for the angular velocity of the geographic frame relative to the Earth
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gixed frame, Vn is the aircraft velocity vector in the geographic frame, and
fb  is the specific force vector in the body-axis frame (ref. 9). The specific
force vector is calculated by summing the perturbation linear accelerations
AFy/m, AFy/m, and AFy/m° generated in the force and moment submodule with the
gravity dependent nominal trim terms; that is,

Arx -sin Oy
m
b - [ AFY | glcos ON sin 9y (19)
m
&z cos 6N cos Py
m L d

where Oy and ¢y are the trim pitch and bank angles that are generated in sub-
module STABDER. The components of b are fed back to the linear accelerometer
module discussed in the IMU section.

The body-axis acceleration vector &Eb relative to inertial space is
approximated as

(1, o 13W_§E§1
XX
@py =10 1 o ||M (20)
Lyy
M
I 0 Iqi{l_22
- |72z

The perturbation angular accelerations AMX/IXX, AMY/IYYv and AMZ/IZZ calcu-

lated in the forces and moments submodule are proportional to the total moments

acting on the helicopter (ref. 2). The inertia products I4, I,, and I3 are

functions of the moments of inertia Iyy, Iyy, and Iyy and product of inertia
Iyz in the helicopter XZ-plane as follows:

I, @ IxxIzz
IxxIzz - (Ixz)?

(21a)

I1Ixz

I, = (21b)
Izz

I3 = I1Ixz (21¢e)
Ixx

The three integral components of equation (20) are fed back to the rate gyro mod-
ule discussed in the IMU section.
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The Euler angle rates, using a yaw vy, pitch 0j, and roll ¢y sequence
order are

- r . .
Py 0 sin ¢y cos Py
cos Og cos Oy
A b
Ogy = |0 cos ¢y -sin ¢y <?hb (22)
o 1 sin ¢y tan Oy cos ¢y tan GHJ

The three integral components of equation (22) represent the Euler angles that
relate the body frame to the local level geographic frame and are fed back to
the attitude module discussed in the IMU section. The angular velocity vector

b
Bnb of the helicopter relative to the local level geographic frame is related
to the difference between the body rates relative to inertial space and the angu-
lar velocity of the local level frame relative to the Earth fixed frame; that
is,

Bnp = Bib - Cplen (23)

The rate of change of the helicopter latitude Ly, longitude &y, and alti-
tude Zy relative to the Earth is

o - _
Ly £H
Ry
. iH
9 = |
H Ry cos Ly ‘ (24)
Zy -Ry

where XH is the north component of groundspeed, iH is the east component of
groundspeed, and Ry (with Ry its derivative) is the vehicle altitude rela-
tive to the mass center of the Earth. The altitude Ry is a function of Earth

radius Ry and helicopter altitude ZH above the Earth surface as

Ry = Rg - Zp (25)

The Earth radius is assumed to be a constant of 6378.1631 km (20 925 732 ft).
The integral of equation (24) gives the Earth related coordinates. In this pro-
gram, latitudes are positive in the northern hemisphere and longitudes are nega-
tive in the western hemisphere.

Updates
In this section, all of the helicopter variables are updated for the suc-
ceeding time period and for distribution to all of the other modules in the sim-

ulation. Body referenced helicopter variables include both linear and angular
accelerations, linear and angular velocities, attitudes, and angles of attack
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and sideslip. Earth referenced helicopter variables include linear accelera-
tions, velocities, and positions. Coefficients of a direction cosine matrix are
also available for use in other modules. ’

Helicopter Initialization

The input data for the helicopter module consist of the iteration frequency
(default value is 32 iterations per second) and three sets of three initial
errors (default values are zero). The first set is referenced to the first way-
point location and includes along-track position error, cross-track position
error, and altitude error; the second set is referenced to the desired veloci-
ties and heading at the first waypoint and includes groundspeed error, ground-
track error, and altitude rate error; and the third set is body referenced and
includes piteh attitude error, bank attitude error, and heading error.

The airspeed vector is calculated by summing the groundspeed and wind vec-
tors. The airspeed magnitude X, y g is

Xa,v,1 = k[(ky, 2 + W2 + 2ky g cos (n - xpo)]”z (26)
where
- {?1, (Xy, g + W cos (n - ¥g) > 0)
-1, (XV,H + Wecos (n - Yg) < 0)
and the heading of the airspeed vector WYy relative to north is
Yy a by + sin‘1[711__.sin (n - ¢oﬂ (27)
Xa,Vv,H

where XV H 1s the groundspeed, W 1is the wind magnitude, Yy is the initial
ground track and TN is the wind direction relative to north. Any initial head-
ing error is added to equation (27).

The airspeed X ,V,H calculated in equation (26) is used in the stability
derivative and trim lookup table to find the equilibrium pitch and bank atti-
tudes. Initial pitch and bank attitude errors are then added to the equilibrium
values to determine the initial helicopter attitudes. A complete set of deriva-
tives and trims is also determined at this time. Other calculations made in
this module include the three specific forces and the three body rates relative
to inertial space. Finally, the 12 differential equations described in the
equations-of-motion section are initialized. These equations include the three
groundspeed components, three body rates, three attitudes, and three position
components.
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Stability Derivatives (STABDER)

The purpose of STABDER is to determine the stability and control deriva-
tives and trim nominals during flight, at any operating point in the flight
regime. The module is essentially composed of two parts; the first part deter-
mines the operating points at which to calculate the derivatives and trims, and
the second part is the calculation of the derivatives and trims. The flight
regime of the CH-ATB helicopter includes airspeeds between -40 and 160 knots and
rates of descent between +10.16 m/sec (+2000 ft/min). The nominal operating
point is a function of both the commanded helicopter velocities (airspeed and
rate of descent) and actual helicopter velocities and is always maintained
within predefined limits of the actual helicopter velocities. When the differ-
ence between the actual and commanded velocities is less than the predefined
limits, the commanded velocities are chosen for the nominal operating point.

The assumption is that for a stable vehicle the helicopter velocity will con-
verge to the commanded value. When the difference between the actual and com-
manded velocities is greater than the predefined limits, the nominal operating
point is chosen as the sum of the actual velocity and the predefined limit. The
airspeed limit is chosen as 9.6 knots and the rate of descent limit is 1.5 m/sec
(300 ft/min). These limits are defined in DATA statements and can easily be
changed. The operating point is determined every second, and is also set in a
DATA statement. If the nominal operating point does not change during the 1-sec
interval, the previously calculated derivatives and trims are used.

For the uncoupled system, there are 48 derivatives and trims to calculate
each time the nominal operating point is changed. Furthermore, for each deriva-
tive and trim there are 99 data points; this includes 11 airspeeds at 9 rates of
descent. In order to save storage, third-order curves are fitted through each
of the 11 airspeed data points. This approach allows the storage to be reduced
from 475249 to 1728419 locations. For each derivative and trim, the third-order
algebraic equation is first calculated as a function of airspeed; linear inter-
polation is then applied, using rate of descent as the independent variable.
Initial condition and step input responses of the open-loop helicopter model
show that the third-order curves have approximately the same dynamic responses
as those obtained by using all of the derivatives.

PREPROCESSOR

The simulation program has the capability of selecting various combinations
of models for any run from a choice of many different model types, thereby mini-
mizing the in-core storage and computation time. The feature that allows this
capability is the preprocessor. In general, the preprocessor is a FORTRAN pro-
gram that performs modifications on the main program prior to compilation and
execution of the main program. The most obvious function of the preprocessor 1is
to decide upon the appropriate models to be used and to write the correct CALL
statements into the computer program. Model selection is accomplished by a com-
bination of defaults and input data cards. Specific functions include: (1)
writing subroutine calls within the mainline and within other subroutines,

(2) choosing appropriate initialization models and writing the correct CALL
statements within the initialization routine, (3) writing the necessary COMMON
blocks for on-line plotting, (4) calculating the total number of differential
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equations to be solved in the simulation and writing the COMMON blocks with
proper array dimensions, (5) writing specific CALL statements to the real-time
system for pseudo real-time runs, and (6) printing an alphabetical table of all
subroutines used in a specific run and the total number of differential equa-
tions in the simulation.

The means for determining the correct subroutine CALL statement is
through a module integer number (KEY 1) and a model integer number (KEY 2).
Every major selectable module and submodule in the simulation program have an
assigned KEY 1 integer (10, 20, 30, etc.). The model choices within a module
have assigned one-digit numbers (0, . . ., 9), allowing a possibility of up to
10 model choices. The sum of KEY 1 and KEY 2 relates to an array SNAM and
defines the particular subroutine to be called.

A general flow chart is illustrated in figure 4. Default values are first
stored in all arrays and then are overridden by user input data cards. Input

Fet all default valuesJ

Read user supplied
input data cards

rRead one main program card J

FLAG
encountered

Write program card as is
onto file to be executed

A

Y

Perform calculations for table look-up

Calculate SNAM array location

Write appropriate
subroutine call

Figure 4.~ General flow chart for preprocessor.
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data cards are only required if optional subroutines are to be chosen. The
unprocessed main program has the word "FLAG" in columns 1 to 4, wherever a
selectable subroutine is to be called. The preprocessor checks each statement
in the main program. If the word "FLAG" or one of the other special indicators
(not defined here) for function 3, 4, or 5 defined previously is not encoun-
tered, the statement is written onto the file to be executed. If the word
"FLAG" is encountered, the preprocessor checks the very next statement for an
index integer number. The index number corresponds to the correct module (or
submodule) to be called. Using this index number along with KEY 1 and KEY 2
data, the SNAM array location, corresponding to the correct subroutine to be
called, is calculated. The preprocessor then writes this subroutine call onto
the file to be executed. This process is continued until an end of file is
detected.

Input data cards are only used when the default cases are ndt desired.

Each data card includes three numbers: the first corresponds to the KEY 1 inte-
ger corresponding to the module being selected, the second corresponds to the
KEY 2 integer corresponding to the model being selected, and the third integer
is the number of differential equations in the model. For example, a data card
with integers 200, 1, and 7 indicates a local level navigator module, model num-
ber 2, with 7 differential equations. Two problem examples for the preprocessor
are illustrated in the next section of this paper. Presently, 39 modules have
been defined for the batch program and 44 modules, for the real-time version.

The preprocessor has the capability of writing subroutine calls within
subroutines as well as the mainline. The process is the same as previously
described. However, there are additional considerations involved. For example,
a subroutine called within another subroutine need not be added to the subrou-
tine library if it has already been called in the mainline or in a previous sub-
routine. The preprocessor insures that a subroutine will only be added to the
final library once, regardless of the number of times it has been called. The
preprocessor will handle a subroutine call depth of up to four levels. A tree
structure is used to keep track of the call depth levels and to determine which
subroutines have been called and added to the library.

PROGRAM ORGANIZATION
Deck Structure

The deck configuration consists of five records plus the system control
cards, as shown in figure 5. The first three records are used for modifications
to key parts of the overall program; the first record is for modifications to
the stability derivative curve coefficients, the second record is to modify the
mainline and subroutine library, and the third record is to modify the preproces-
sor. The preprocessor input data cards, discussed in the preprocessor section
and illustrated in the problem examples section, are located in the fourth
record. The fifth record is for the main program input data cards, which are
illustrated in the problem examples section.
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System control cards
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Mods for stability derivative curve coefficients

EOR

Mods for mainline and subroutine library

EOR

Mods for preprocessor

EOR

Preprocessor data cards

EOR

Main program data cards

EOF

Figure 5.~ Control card deck structure. (EOR is end
of record and EOF is end of file.)

Problem Examples

This section contains some examples illustrating the input data cards for
the preprocessor and the main program. The preprocessor data are field oriented,
whereas all main-program input data are in the form of NAMELIST statements. The
only requirement is that all NAMELIST cards be present in the data deck, even
though all of the FORTRAN variables defined under a NAMELIST statement have
defaulted values. Trajectory type data are the only input data that must be
submitted.

The first preprocessor example illustrates the default option and shows the
minimum input data required. The example case is to use all default modules.
The preprocessor data deck consists of one card with a "0" in column 5, indicat-
ing that no other cards are required.

The second preprocessor example represents a more typical case. It is
desired to have error models for the navigator (LLNAV2), rate gyros (RATEG2),
and linear accelerometers (LINAC2) and to use the second wind model (EXTWINZ2).
The subroutine call names are in parentheses. All other modules are defaulted
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to the first model case. The data deck for this example is illustrated in -
figure 6. The first card ce¢ntains a "U" in column 5, indicating four data cards
are to follow. After the first card, the names of each model can be included in
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Figure 6.- Data deék for second preprocessor eigmple.

columns 1 to 10 for user identification, since the preprocessor does not recog-
nize these columns. The three numbers on each card correspond to the module num-
ber (columns 11 to 15), the model number selected (columns 16 to 20), and the
number of differentialfeQuations (columns 21 to 25). All numbers are right jus-
tified. Alphabetical ,order is the most efficient configuration, although any
order can be used. This example will have 19 differential eq@ations, 7 for the
navigator and 12 defaulted differential equations for the helicopter model.
Presently, there ate 44 module numbers reserved, including 7 f@r the real-time

program. \
A

The main/éfogram example uses the four modules described in, the second
preprocessor /xample. In particular, a trajectory is defined, iﬁitial errors
are defined -for the helicopter and the various error models, wind\data are
described, /print frequencies are defined, and print data are defined for several
modulzas. .'The specific example is as follows:
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to the first model case. The data deck for this example is illustrated in
figure 6. The first card contains a "4" in column 5, indicating four data cards
are to follow. After the first card, the names of each model can be included in
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Figure 6.- Data deck for second preprocessor example.

columns 1 to 10 for user identification, since the preprocessor does not recog-
nize these columns. The three numbers on each card correspond to the module num-
ber (columns 11 to 15), the model number selected (columns 16 to 20), and the
number of differential equations (eolumns 21 to 25). All numbers are right jus-
tified. Alphabetical order is the most efficient configuration, although any
order can be used. This example will have 19 differential equations, 7 for the
navigator and 12 defaulted differential equations for the helicopter model.
Presently, there are 44 module numbers reserved, including 7 for the real-time
program.

The main program example uses the four modules described in the second
preprocessor example. In particular, a trajectory is defined, initial errors
are defined for the helicopter and the various error models, wind data are
described, print frequencies are defined, and print data are defined for several
modules. The specific example is as follows:
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1. Define the nominal trajectory:

Waypoint Latitude, Longitude, Altitude, Velocity,
deg deg m (ft) m/sec (ft/sec)
1 40.64 -T4.067 -426.7 (-1400) 30.48 (100)
2 40.64 =Th4.04 ~335.3 (-1100) 24.38 (80)
3

40.66 -74.025 -243.8 (-800) 19.8 (65)

2. Assume initial helicopter errors:

Along track error, m (ft) . . . . « ¢ « ¢« ¢ « 4 « « 4 o + « . . . =30.48 (-100)
Altitude error, m (ft) . + v & « ¢ v« « & e o & o o 4 4 .« « + . . 3,040 (10)
Velocity error, m/sec (ft/seec) . . . . . « « o ¢ ¢ o o o o o .. 0.9144 (3)

3. Assume a linear accelerometer bias error of 0.003048 m/sec?
(0.01 ft/sec?).

4. Assume a rate gyro scale factor error of 2 percent.
5. Assume the navigator has a north platform misalinement angle of 1 urad.

6. Assume a wind shear with two data points:

Point Altitude, Wind direction, Wind velocity,
m (ft) deg : m/sec (ft/sec)

1 0 (0) 180 0 (0)

2 304.8 (1000) 235 6.1 (20)

7. Assume all default frequencies except:

Accelerometer module, per sec

e
Navigator module, per sec . -4
Printout, per sec e O
Maximum run time, SeC . . . . ¢ ¢ ¢ i i it e e e e e e e e e e e e .. .20

Obviously, the run time for this example will complete only a very minor
portion of the desired trajectory.

8. Print the following data:

All initialization data

Rate gyro outputs

Linear accelerometer outputs
Navigator outputs (option 2)
Guidance commands (option 1)
Controller outputs

A1l helicopter outputs

Figure 7 illustrates the input data cards for this example. Eighteen
NAMELIST data cards are shown; the real-time version has three additional input

27
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Figure 7.- Data deck for main program example.
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Figure 7.~ Data deck for main program example.
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cards. The NAMELIST card DECNTS describes the number of differential equations

) for each module in the simulation run, and the NAMELIST card PVAR describes the

5 print variable options for each module. All other data in figure 7 can be corre=-
lated with numbers in the example. The U.S. Customary Units are used in the com~
puter program. A computer printout for the second preprocessor example -and the
main program example is shown in the appendix.

The computer example was run on a Control Data Corporation (CDC) Cyber 175
computer, with a CDC FORTRAN FTN compiler (version 4#.6). Version 1.1 of the NQS
operating system was in use. The actual eentral processor times far compiling,

loading, and executing the various sections of the computer program are summa-
rized as follows:

Soens o LA

Compile PreprogceSsSOor, SEC . « « o o « o o o s o o o o o o o5 o 0 4 ¢ 3+ 2.043
Load and exécute preprocessor, S€C .« « « « + s o o » « o o » o 2 2 o« » 2.951
Compile main pProgram, S€C . « « « « « « « « « o s s & o « o + & + ¢ « o+ » 1,086
Compile subroutine 1library, S€C . . . « « 4 o « « « o « « « o« « ¢ + o+ » - 1.959
Load and execute complete Program, S€C . . « « « » ¢+ & « « = + « « » + « 3.819

The actual storage needed for this example is 50 600 octal words.

CONCLUDING REMARKS

A user-oriented computer-simulation program has been developed to allow for-:
the evaluation of individual avioniecs systems in conjunction with a VTOL air=-
craft model and other types of VIOL avionics systems. After a model has been
developed by any user, the subroutine is incorporated into the system library
for use by all of the researchers. The input data for the main program are
defined in NAMELIST statements. A series of defaults has been incorporated to
minimize the amount of input data needed for any simulation run.

The modular approach allows many different models to be developed and
installed into the subroutine library, with minimum impact on the total system.
Individual modules for all of the basic avionics sensors allow a large choice of
measurements and flexibility.

A preprocessor has been developed to allow a large selection of models.
For any module, a possibility of up to 10 models exists. Default models allow a
minimum of input data cards for the preprocessor.

A real-time program is maintained as nearly similar as possible with the
batch program. By using the preprocessor capability, a dummy model with zero
input frequency can be selected by input data cards; thereby, the software is
eliminated from storage. The software can be replaced by actual hardware that
operates through the electrical input/output channels.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

February 9, 1977
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differential equations for the example.

APPENDIX

COMPUTER PRINTOUT FOR PROBLEM EXAMPLE

the printout contains data from the modules .selected at the iteration frequency.

VALT/FTID BATCH SIMULATION

THE FOLLOWING SUBROUTINES WFOF NSEN TN THIS RUN:

 ABSALT ACTDYN
CHSUB CLIMB
GSPEED GUIDPRT
TATCHMDY ICANTR1
TLINAC2 TLLNAV?
TXNAVS IXNAVS
LLNAV2 MEANWIN
POSEST PDSLIM
SPGUIN SPTRALL
XNAV] XNAV2
ISTAR

ACTRDT
COLWINA
GUPDATE
TEXWIN?
INTER

T XNAVA
NAVEOS
PSITINN
SPTRGTN
XNay2

ATONATA
rFONTOAL

‘YepoefEE

Tarnne
TMTRAL]
TYNBV?
NMTRAJ]
QATFG?
SDWMTNA
YNAVS

AIRSPD
ETRAN

HELCON
161DPT1
IPILNTL
IXNAVS
NR AN2

RATELIN
STABDER

" XNAVS

ALTHOLD
EXTWINZ

HELICOP '

16SLAW]L
IRATEG2
TXNAVY
ONPLOT
RDINPT
SVARDES
XNAVE

AMOVE
FANDM
HYSTER
IGSPED]
IRIGYDL1
KALMAN]
QuTPUT
RIGYROL
TIMVARS
XNAVT

THE TOTAL NUMRER 0OF NIFFFRFMTYAL EONMATIONS IN THIS RUN [S3 19

ANGAC
GCNUPLE
IARSALY
IHDREF1
IXNAV1
LATTURN
PILOT
ROTDYN
TRKDIST
XNAVR

ATCMODD
GENEQS
TAIRDAL

THELICP

TXNAV2

LEGSWCH

PLOTITL
SPENTRY
UPDATE
XNAVY

At

This appendix contains the computer printout for the problem example. The fi .
printout lists all of the subroutines selected by the preprocessor and indicates the total number of .
All other pages are related to the main program:
tion data are included on the first 3-1/2 pages; this includes the iteration frequencies of all modules,
trajectory data, helicopter data, trim. data, and all error model initialization data,

r

1

", BODYFQS

GSLAWL
TANGACY
TKALMNY
IXNAV3
LINAC2.
PLTSAV]
SPEXIT
. VELCOM

ZHELICP

t page of the
Initializa-

_The completion .of
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HELICOPTER TNERTIAS (SLUIIG=FFET <

Ixx
«3716300E+405

FREQUENCIES IN TTERATINNS PFP CEFNNA

INITIALIZATION SECTION

W)

Iyy
«2017500€+06

HELICOPTER +32ADNF 402
RATF INTEGRATING GYRO «12N0NF 402
RATE GYRD «3?2NN0F +02
LINEAR ACCELEROMETER «1200DF 402
ANGULAR ACCELFROMETER n.
AIR DATA 0.
GROUNDSPEED n,
HEADING REFERENCE n,
ARSOLUTE ALTITUDE N,
EXTERNAL NAV, AID 1 e
EXTERNAL NAV, AID 2 n.
EXTERNAL NAV, AID 3 LB
EXTERNAL NAV. AID & n.
EXTERNAL NAV., AID 5 N.
EXTERNAL NAV. AID 6 0.
EXTERNAL NAV, AID 7 N
EXTERNAL NAV. AID B N,
EXTERNAL NAV. AID 9 0,
LOCAL LEVEL NAV. »3200NF +02
KALMAN FILTER «1A0NOF 402
NOMINAL TRAJECTORY «2000NF +01
GUINANCE STEERING LAW «20NNAF 401
AIR TRAFFIC CONTROL 0.
PTLOT TRAJECTORY «200NN0E 4+ 0]
GUIDANCE PERTURBATIDNS «16000F 402
GUIDANCE COUPLER «1A0N0F +02.
CONTROLLER «1ANDNE +02
PRINTCUT «10000F +00

MAXIMUM RUN TIMF =

INTEGRATION TIME [NTERVAL T¢ «212

RANDOM NUMBER GENERATAR SFFN = K9,0NnQ

«?NNONF4N? SECONDS

50€-01 SECONDS

122
«1900590E+06

JIxz
+1463200E+405

XIANdday
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JINDS
MEAN HUR!IGNTBL Wing
ALTXTUDE (T e waecwtou (0EGe}
Qe 1aoooooe~03
.1ooooooE+ou .zaeooooe+03
nnwINAL ROUTE
HAVPBINT LAT. Lpe6Y L ON {pEG? ALT S
pESIFED ————r VELe \FTICCF\ ALt (1Y
it .kOthODF*07 —.1«06100&»02 0.
.\nnnnnnv~n3 —.1&00000&»0«
? .Aoeuooos»nv -.7uo«oooE+oz 0.
.avnononfoﬂz -.1100000E~ou
3 .ao&boooe»n7 —.1402500E+oz O
.aqnnqnnFeoz —.sooooooE*oa
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HELICOPTER DATA

GEOGRAPHIC FRAME VARIABLFS

LATITUDE (DEG)
«4064000E+02

NeVELS(FT/SEC)
-.1766578E-12
ANDY AXIS VARTABLFS

LONG.VEL.(FT/SFC)
«1018998E+03

PITCH ANGLE (DEG)
«3662560E+401

ANGLF OF ATTACK (DEG)

ANGLE OF SIDESLIP (DEG)

GROUNDSPEEDS

LONRTTHAF (NFG) ALTITUDE (FT}
=~ T40ATIEF4N2 -<1390000E+04

EoVFl ((FT/SEF)

TOTAL VEL(FT/SEC)
.103000NF+03 ’

«1030000E+03

GROUND TRACK {(DEG)
«9000000E+02

VATFRAL VELL{FT/SEC)
- 12546NNTC 402

VERT.VELS(FT/SEC)
«6445725E401

RANK ANGLF {DEG) YAW ANGLE {DEG)

~e3757N91F +00 «97546433E402
«36A?25N01F+0]
= -«?0R4R77E-01
TRIM DATA

ATRSPEEDS

DESCENT RATE (FT/SEC)
00

U NOM(FT/SEC) V NOM(FT/<Fr)y W NAM(FT/SEC) UA NOM(FT/SEC) VA NOM(FT/SEC) WA NOM(FT/SEC)

«9B92233E+02 -s1356C727F+N? «F416447E4+01 «8421890E+02 =+3174507E-01
ATTITUDES
THETA NOM (DEG) PHI NNO¥ (NFGY

«375604RF+01 =,3289732F¢nNN

RATE GYROS
PITrU ROLL YAW

ATAS (RAD./SEC,) n, 0. C.
RANDOM (RAD./SEC.} 0, 0.

SCALE FACTOR

0.
«10NNIALFL O] «1018096E+01 «9587966E+00

+5528836E+01

=
g
o
2]
=
=]
=
b




Al

te

LINEAR ACCELERCMETERS

LaNG, LATERAL VERTICAL
BIAS (FT./SEC.SQ.) -+11A90ATF-01 =~=.1213770E-01 «2172295€-02
RANDOM (FT./SFC.SQ.} n. 0. 0.

LOCAL LEVEL NAVIGATOR

MISALIGNMENT ERRORS POSITION ERRORS

NORTH EAST AN LAT LONG
{RAD) (RAD) {RAD) {RAD) (RAD)
.10000E=05 0. Mo 0. 0.

RATE GYRO OUTPUTS

PI = -+37517€-06
o1 = -.49428E-05
RT = ~+41083E-05

TIME = 0.

9 0000000800000 00000000000 000000 CsSCEOORN ERSCOCIOIEITRIETROONTS

LYNEAR ACCELEROMETER QUTPITS

uboTI = «20977€+01
vDOTI = «17235€400
WDOTI = ~+32128E+02

TIME = 0

6000 0ceat st et eI NNssOEEOREsONIRROCEI ORI RAOESIIOIRROIRTORDOTD

ALT
(FT)

VELOCITY ERRORS

LAT RATE
(RAD/SEC)

0.

LONG RATE
(RAD/SEC)

Q.

VERTICAL
(FT/SEC)

0.

XTIANdddv
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LOCAL LEVEL NAVIGATOR

MISALIGNMENT ERRQORS POSITION FRRORS VELOCITY ERRORS

NORTH EAST DNWN LAT LONG ALT LAT RATE LONG RATE

(RAD} (RAD) (eAn) (RAD) (RAD} (FT) (RAD/SEC) (RAD/SEC)
+10000E-05 0. Ne 0. 0. 1 0. 0.

FINAL GUIDANCE COMMANDS

TINE = 0, SEC .
. XDDTGSC (FT/SEC) = +90500F+0? PSIHRC (DEG) = +90000E+02 7D0TGSC (FT/SEC) = «B6250E400
~26SC (FT) s =.13997F+04
. PHIGSC .(DEG) = _, 0, °<1GSC (DEG) = +90000E+02

$ 0800000000000 0000800E3000800008000000cassvtassnctorecce

CONTROLLER OUTPUTS (INCHES)

pcclry pecray LILYEY) DCC4)
JSA327E400  —.237B6E4N0 . L10400E+00 « =.22499E+01

TIME =° o0,
-‘...:’_’l._l.II:I-.C'l.'.‘.ill"..'.ll..l.lll.ll..ll.'....'.....

VERTICAL
(FT/SEC)

XIANddy -
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HELICOPTER VARIABLES AT TIWF = 0.

POSTITIONS
XH = 0. YH = O« IH
LATH = «406400F+02 LONH = -+ T7406T74E+02

60 0000000000000 000000000000c00010FRIIGRIICRAIOOESITRIRGCERICROIDRPRTSTY

NAV, GROUNDSPEEDS (FT/SErY

XDOTH = ~e«176658€-12 YONTH = +«103000€+03 IDOTH

BODY VELOCITIES (FT/SEC}

UH = «101900F+N3 VH = ~e135601E+02 WH
0 000080 E00000e00000atatteteensseteceessstssoesssscons

LINEAR ACCELERATIONS (FT/SFF.S0%)

punaoTH = 0. NN TH = a. DWDOTH
R o e

EULER ANGLES (DEG)

THEH = «366256E+01 PHT W = -+325708€+00 PSIH
© 60000 000rrEeresstereterensetntesnsectsirssnssnessreee

BODY RATES (RADIANS/SECY

PH = =e375024F=N6 OH = —+485496E-05 RH

ANGULAR ACCELERATIONS (RADTANS/SFC.SQ.)

PDOTH = 0. onnTH = Oe RDOTH
[E AN RN NN EEENE AR RN NN NN RSN ENNENEE NN NEREEENENENNENNEENRENNNENNENN)
ANGLES 0OF ATTACK,SIDFSLIP (PANRTANT)

ALPHAH = «639227F=-nY AFT AH - ‘~+363880E-03

S8 P00 CNE00000 000000080000 008000000000CCRCFCRRORTELEES

RATE GYRO OUTPUTS

PI = -.32159€-03
of = «24612E-02
RI = «85570F=03
TIMF = «10000€E+02

ILINEAR ACCELERNOMETFR LUTPNTS

UDOTI = «23562E+401
vonT: = ~«59122E+00
WOOTI = =+32061E+02
TIME = «10000€+02

0808000000000 0000000 eIl NER0CEN0GCRIRIEIOICEERTOROROGLOIEATRTSTS

-+139000E+04

0.

«644573E+401

+975443€+02

-e428481E-05

[

XDDTVH

«103000E+03

FEET
DEGREES

XIANdddv
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LOCAL LEVEL NAVIGATOR

MISALIGNMENT FRRORS POSITION ERRORS
NORTH EAST nNYN LAT LONG
(RAD) (RAD) (RAD) (RAD) (RAD)
= T0694E-013 +45655E=-02 «5S16RE-02 «42041E~07 +42910€-07

FINAL GUIDANCE COMMANDS

TIMF = «10000F+02 SEC

XDOTGSC (FT/SEC) = «RAS50NF402 PSTHRC (DEG) = +90000E+02
IGSC (FT) = ~+13150E¢04

PHIGSC (DFG) = [ 1Y PSTGSC (DEG) = «90000E+02

CONTRALLER QUTPUTS (INCHFE)

DCCi1y occe2) neeesd DCCl4)
«29038€-02 =«65522E~01 «17433E400 ~+17019E-01

TIME = »10000E+02

ALT
(FT)

7D0TGSC

VELOCITY ERRORS

LAT RATE LENG RATE " VERTTCAL ~
(RAD/SEC) (RAD/SEC) (FT/SEC)
1 +90960E-08 «91608E-08 I
(FT/SEC) = +98849E+01

XIANIddy .
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HELTCOPTER VARIABLES AT TTMF = +10000000E+02

POSITIONS
XH . «164645F+0? YH = «969728E+03 IH
LATH = «406400F+0? LONH = ~e740639E+02

NAV. GRMAUNDSPEEDS (FT/SEC)

XDOTH = «205792F+01 YRANTH s «912002€E+02 IDOTH

BODY VELOCITIES (FY/SEC)

UH = «897999F+0? VH = -«129147€+401 WH

LINFAR ACCELERATIONS (FT/SFFf,<q,)

DUDOTH = -e871640F+00 VDO TH s -.762282€E-01 OWDOTH
R R O R R R I N )

EULER ANGLES (DEG)

THEH ‘= «568452F+N PHTH = «105311E+01 PSIH
0000008000000 0atatessesssensertaserssresatessosansacs

BODY RATES (RADTANS/SEC)

PH s =+3214595-n13 oH = «241743E-02 RH
S 68000000500 0C800 2000308000080 R0RRRSCICGEAECRbROEROITSIORAETDNRIOSEROIRETITS

ANGULAR ACCELERATIONS (RANTANS/CEC,SQ.)

PDOTH = «246221F-013 ONNTH = ~«100041E~01 RDOTH
€8 e0eseeetotrecetostrnretestosetttstsstennsenssesennae

ANGLES OF ATTACK,STDESLIP (PARTANS)

ALPHAH = «225824E400 RETAH = <136284E+00
e ecenreeransesesscaacaatr ettt ssee rasatienetnronsnes
RATE GYRO OUTPUTS
PT = -.22453E-04
of = - 66496E=05
RY = «11453€-03

TIME = «20000E+02

LINEAR ACCELEROMETER OQUTPUTS.

UDOTI = «25119E+01
vDOTI = =+57249E+00
WoOTT = -«32019E+02

TIME = «20000E+02

-«131212E+0¢

.969572£+01
.187002€+02
+187697E400
«897344E402
.B92471E-03

~e246543E-03

XDOTVH

«912234E+02

FEET
DEGREES

XIANdddy
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LOCAL LEVEL NAVIGATOR

MISALIGNMFNT ERRORS ' POSITION ERRORS VELOCITY ERRORS
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